The present study focused mainly on the relative ability of each of dietary components; protein, minerals (calcium and phosphorus) and dietary fiber, to prevent the renal damage due to chronic oral alimen tation of Cd in young female rats. Renal accumulation of Cd was assessed over an experimental period of one month, which reflects mainly on Cd input from the gut. In comparison with rats fed a mufti-nutritionally deficient, Cd-added diet, Cd concentration in the kidney was markedly reduced by supplementation with Ca and P (p<0.001), significantly decreased by high protein (p< 0.05), and by dietary fiber (p<0.05), and by combined supplementation with protein and fiber (p<0.02), respectively. Supplementation with these three components brought about a remarkable reduction in a similar level to that in rats fed a normal balanced, Cd-added diet. These individual dietary factors, however, are considered to play a distinctly different role in preventing renal Cd accumulation: supple mentation with protein behaves rather non-specifically through im provement of general condition (i.e., growth, food intake, food efficiency, fecal output), and addition of fiber is mostly responsible for marked shortening of gastrointestinal transit time and enhanced fecal output. In contrast, supplementation with minerals is the most effective in reduced input of Cd, presumably due to a specific interaction of divalent ions; Ca-Cd on the mucosal phase of Cd transport.
sensitive indicators, and was found to reach a plateau within three months after oral Cd alimentation in these rats (1), the present study was undertaken to examine the relative contributions of each of the dietary factors to the renal accumulation of Cd over an experimental period of one month. Supplementation with each dietary component was carried out as follows: protein, 25%; Ca, 0.9%; P, 0.9-1.3% and dietary fiber, 8%, respectively. Two dietary fibers2; Konjac powder3 as a hemi cellulose and/or coarse bran as a "hard" particle of fiber were used.
Little is known about the characteristics of tissue-uptake and transport of Cd across membranes, although the percentage of orally administered Cd absorbed by the intestine, presumably by means of passive diffusion (2, 4), is very little. There fore, the dietary effects on fecal output and gastrointestinal transit time were also assessed in order to evaluate one of the initial phases of Cd input in the body.
METHODS
Diet. A normal balanced stock diet (designated N diet) was purchased from Japan Clea Inc., Tokyo (CE-2, powdered). Six different ynthetic diets (A to F), the chemical compositions of which are indicated in Table 1 , were prepared in this laboratory. Cadmium oxid (Koso Chemical Co., Ltd., Tokyo) was added to these six synthetic diets as well as to the N diet in order to give a final concen tration of Cd 200 ppm. 4 Experimental design. Young, female Wistar-strain rats (Japan Clea Inc.), weighing about 110g, were used. The following two sets of experiments were conducted. Experiment 1. Twenty-eight rats were allotted into six groups. Animals in a control group were fed the A diet without Cd (designated A (-) group), and rats in the other five groups were fed 200 ppm Cd in each of the first four diets listed in Table 1 ; designated A(+), B(+), C(+) and D(+), and a normal balanced diet, designated N(+).
In general, 5 rats were used for each group, with the exception of b rats used in the A(+) and 2 rats in the N(+) group. The animals were freely provided with diet and water for an observation period of 32 days, from November 15 to December 17.
Experiment 2. Sixteen rats were divided into four groups (each 4 rats), designated A(+), E(+), F(+) and N(+) group (see Table 1 ). The animals were freely given both the diet and water, and maintained for 28 days, from March Table 2 . Since it is technically not feasible to observe the initial appearance of the carmine-colored feces in individual rats, we finally adopted the following procedure to estimate gastrointestinal transit time: Exactly 24hr after feeding with the carmine-mixed diet (at 5:00 p.m, on the following day), all pieces of the feces excreted by each animal were collected and weighed (total feces weight excreted over a period of 24hr; designated t). At the same time, each piece of the carmine-containing feces was also carefully opened with several knife incisions, and then weighed (carmine-containing feces; designated c). Gastro intestinal transit time (designated T) in rats was calculated by the following equa tion, with an assumption that intestinal contents may move down lineally as a function of time and solid feces are formed step-by-step without being severely mixed with each other:
When no fecal output was produced for 24hr, an additional observation period of 24hr; two days as a whole was fixed.
The coefficient of variation in triplicate estimations by this method was found to be 0.098.
RESULTS
Time course of changes in body weight ( Fig. 1 ) Considerable differences in growth rates were observed with various dietary treatments, in particular with addition of 200ppm Cd, over an observation period of one month in young rats. The most marked growth retardation was observed in rats fed a multi-nutritionally deficient, Cd-added diet (group A(+), which was identical to L(+) group in a related paper (1)). Supplementation with adequate protein (25%) revealed significant improvement of growth (C(+) vs A(+) group), as shown at the left panel of Fig. 1 . Addition of dietary fiber, such as 8% Konjac powder, did not show any advantage in body weight gain of rats fed both low protein and high-protein-containing diets (B(+) vs A(+) and D(+) vs C(+) group, respectively).
Supplementation with high Ca and P resulted in distinctly better growth, even with the protein and fiber-deficient diet (E(+) vs A (+) group) as shown in the right panel of Fig. 1 . The combined supplementation with Ca, P, adequate protein and fiber in the diet (F(+) group) was found to be superior to any of the other dietary treatments and the growth curve was almost indistinguishable from that in N(+) group.
As mentioned in a related paper (1), marked depilation, general or localized, was observed in rats fed A(+) (or L(+)) diet, starting from the very early phase, such as the 2nd experimental day. Dietary supplementation with high protein or high Ca and P brought about a distinct reduction in the loss of hair. Moreover, the addition of dietary fiber (8% Konjac powder) was also found to prevent the depilation to the same extent, even if the diet was deficient in both protein and Table 1 . (+) or (-) denotes with or without addition of 200ppm Cd in the diet. Diet A contained low protein (10%) , low Ca (0.05%) and low P (0.14%) without dietary fiber; diet B, low protein , low Ca and low P containing 8 % dietary fiber (Konjac powder); diet C, high protein (25%) , low Ca and low P without fiber; diet D, high protein, low Ca and low P containing 8% Konjac powder; diet E , l ow protein, high Ca (0.87%) and high P (0.87%) without fiber; diet F , high protein, high Ca and high P containing 4 % Konjac powder and 4 % bran. Diet N (+) indicates a normal balanced diet with 200ppm Cd. minerals (B (+) group). However, the depilation was completely disappeared when rats were fed either N(+) or F(+) diet. It was also pointed out that the degree of depilation was relevant, in general, to the amount of the hair detected inside the gut of rats in these groups: The most abundant was in group A(+) and C(+); less (about half) in group A(-), B(+), D(+) and E(+); even less in F(+) group and almost none in N (+) group.
Food intake and body weight gain (Table 2) The various dietary treatments affected the changes in daily food intake of rats, which was greatly depressed by the addition of 200 ppm Cd; A(-) vs A(+) group (p <0.01). Supplementation with adequate protein in the diet brought about a significant increase in food intake; A(+) vs C(+) group (p<0 .05), whereas dietary fiber (8% Konjac powder) rather depressed the food intake in rats fed a high-protein-containing diet; C(+) vs D(+) group (p<0 .05). In Experiment 2, food intake was significantly increased by addition of adequate Ca and P; E(+) vs A(+) group (p<0.05), and further enhanced by the diet containing both high protein and dietary fiber; F(+) vs E(+) group (p<0.05).
However, a significant difference of food intake still remained between group F(+) and N(+)(p<0 .001). A change in food intake of each group was obviously found to be correlated with a change in body weight gain as shown in Table 2 . However, it was distinctly observed that the food efficiency (body weight gain per food intake) in rats fed a multi-nutritionally deficient, Cd-added diet, regardless of dietary fiber; A(+) or B(+), was remarkably reduced to 0.05g/g in comparison with 0.21(g/g) in group N(+).
Cadmium concentrations in the kidney and liver (Table 3) Even within an observation period of one month, Cd accumulated in the kidney to the certain level which was also affected by various dietary treatments. The highest level of kidney Cd was found in group A(+) and the lowest in group N(+).
It is of interest to note that Cd concentration in the kidneys was signi ficantly decreased by the addition of dietary fiber regardless of protein content in the diet; A(+) vs B(+), and C(+) vs D(+) group (p<0.05). However, the most dramatic reduction of Cd accumulation in the kidney was achieved by supplemen Table  2 ).
tation with adequate Ca and P in the diet; E(+) vs A(+) group (p<0 .001).
Of additional interest is the fact that no significant difference in renal accumulation of Cd was observed between a nutritionally supplemented , synthetic diet; F(+) and a crude stocked diet; N(+). Cadmium contents in the liver were usually lower than those in the kidney and also more or less relevant to the changes in the kidney by various dietary treatments.
Fecal output and gastrointestinal transit time
The average daily feces weight with synthetic diets were found to be markedly less than that with normal balanced diet as shown in Table 4 In contrast, gastrointestinal transit time was found to be longest in group A(+); as much as 26.5hr as shown in Table 5 . Supplementation with dietary fiber (8% Konjac powder) induced a significant reduction of transit time; either Table  2 ). Table  2 ).
B(+) vs A(+) group (p<0.02) or D(+) vs C(+) group (p<0.05). It was also
found that a high-protein diet brought about a shortening of transit time to some extent; this was particularly significant between group C(+) and A(+) (p<0.05). In Experiment 2, the longest transit time, also found in group A(+), was significant ly reduced by combined supplementation with dietary fiber (4% Konjac powder and 4% bran), adequate protein, and minerals; F(+) vs A(+) group (p<0.02). However, no dietary supplementation with Ca and P was found to shorten transit time; E(+) vs A(+). As shown in Fig. 2 , an inverse relationship between feces weight and gastro intestinal transit time, obtained simultaneously in individual rats, was observed. The regression line of the two parameters, obtained after logarithmic trans formations, was found to be linear as indicated in the legend of the figure. 
DISCUSSION
The present study has clearly demonstrated that dietary factors, specifically protein, calcium, phosphorus and fiber, distinctly modify renal and hepatic accumu lations of exogenous Cd over an observation period of one month, reflecting mainly on the absorptive phase of the heavy metal since no significant urinary loss can be seen (1, 2). When the deficient diet was supplemented with each of the dietary components, the Cd level in the kidney was found to be significantly decreased the most by the addition of Ca and P (p<0.001) and the least by either protein or fiber (p<0.05). The additive effect of different nutrients was observed with combi nations of protein and fiber (p<0.02), and of the three components (p<0.001), respectively. As shown in Experiment 2 of Table 3 , the total Cd input (both the kidney and liver) in rats supplemented with the all three dietary ingredients (F(+) group) was remarkably suppressed in comparison with that of E(+) group, supple mented only with Ca and P. These results have confirmed previous obser vations (7-13) regarding the inhibitory effect of calcium on accumulation of tissue Cd, and have further provided information about the roles of both dietary fiber and protein, very little information about which is available (14, 15) .
The general clinical condition of the rats, as assessed by body weight gain, food intake, food efficiency and depilation was improved by supplementation with each one of the dietary factors or combination of these. On the other hand, a non-linear or rather inversed relationship between total Cd exposure, which was assumed from the food intake, and the Cd level of the kidney was observed in each group of dietary treatment, being consistent with the finding as reported in a related paper (1). Hence, it seemed desirable to try to obtain information about the effects of the different diets on the phase of Cd input in the body, which includes: 1) the luminal phase; gastrointestinal movement and transit of intestinal content bearing exogenous Cd, 2) turnover of mucosal epithelial cells containing Cd, 3) membrane transport of Cd, 4) an existing form of intracellular Cd bound to protein, such as metallothionein (see Reference 2), and 5) intravascular transport of Cd.
First of all, gastrointestinal transit time and fecal output were assessed in the present study. In particular, the transit time in rats was estimated by a modifi cation of the carmine method as described in METHODS, which was found to be useful in practical terms, since an inverse relationship between the transit time and feces weight (Fig. 2) , similar to that seen in clinical studies (6,16) was obtained. Recently, considerable information about the chemistry and biological action of dietary fiber has been reported (17) . In this study, we adopted especially Konjac powder as a dietary fiber, since the hemicellulose has been proposed to have more specific physiological action rather than non-specific "bulk" effect of other dietary fibers such as "crude" fiber or cellulose powder: for example, Konjac mannan has a hypocholesterolemic effect by inhibiting intestinal absorption of cholesterol (18) and by binding with bile salts inside the gut (19) . On the other hand, it has been reported (20) that intestinal absorption rate of zinc never reaches the level found in rats fed a normal balanced stock diet, even though much larger amounts of cellulose powder as dietary fiber are supplemented with a non-fiber synthetic diet. Moreover, we also adopted a bran (i.e., "coarse" particle of hemi cellulose (21)) as a dietary fiber since particulated size or hardness is considered to be crucial for an integrated function of the intestine (particularly for improvement of the depilation).
Of particular interest is the fact that dietary fiber of Konjac powder proved to be significantly protective against renal accumulation of Cd (Table 3) , despite reduced food intakes of either low protein; B(+) vs A(+) or high protein; D(+) vs C(+) group (Table 2) . On the other hand, it was found that addition of dietary fiber markedly shortened gastrointestinal transit time (Table  5) and signi ficantly increased daily fecal output (Table  4) 
